
AD-AGa 5-46 RANCHO LOS AMIGOS HOSPITAL DOWNEY CALIF F/G 6/20
STUDIES ON OXYGEN TOXICITY IN THE LUNGS.CU)

UCFEB G0 J1 D HACKNEY NOOOI-7-C-0290

UNCLASSIFIED NL



11111 1.0 ' *8 125L3
IIIII___ ' , ,-.

AIII25  33I1 III
11111.25 1 -1114 II16

tWROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS 163 A



.4'ECU*ITY CLASSIFICATION OF THIS PAGE (When Dee. Entered)
REPORT DOCUMENTATION PAGE READ INSTRUCTIONS

BEFORE COMPLETING FORM

1. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBERN00014-78-C-0290-0001ADi

- T T
I 

V l .. . S. TYPE OF REPORT & PERIOD COVERED

SuisoOxygen Toxicity in the Luns Final Techbical ReportdesonOt n t5/1/70 through 2/29/80
C PERFORMING ORG. REPORT NUMBER

7. AUTHOR(Jack ackn M.D. . CONTRACT OR GRANT NUMBER(a)
2fT : ne,*e:al Health Service N001478-- ,2
LRancho Los Amigos Hospital/
mwnv. califnrnia 440942R4 ___i.

S. PERFORMING ORGANIZATION NAME AND ADDRESS SO. PROGRAM ELEMENT. PROJECT. TASK

Professional Staff Association of the AREA & WORK UNIT NUMBERS

Rancho Los Amigos Hospital, nc.N
7413 Golondrinas Street
nwney- alifnrna Qfl4___O t. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Office of Naval Research. .
Department of the Navy

Arlington, Virginia 22217 46
14. MONITORING AGENCY NAME & ADDRESS(Ifdllferent from Controllnj Office) 1S. SECURITY CLASS. (of this report)

N/A
N/A . OECLASSIFICATION/DOWNGRADING

SCHEDULE N/A

16. DISTRIBUTION STATEMENT (of this Report)

,Approved fz publ oleaqDistzibution Unlimited

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, It different from Report)

.... ~ ~~ ~ ~~~~~~A 
2~t i.ETR E6 

~ .... '/ 

i/ -

N/A/

13. KEY WORDS (Continue on reveree aide if necessary nd Identlly by block number)

Oxygen toxicity, Alveolar epithelium, Reparative regeneration,
Mice, Lungs

S. 20. ABS CT (Continue on revers* side if necesesary nd identity by block number)

4 Nork on two animal species has show that during
, , the first day of exposure to high concentrations of oxygen (0IT,,the normalrate of cell division in je lung is decreased. In animals tlat survive

the initial exposure to A1or in those exposed to a lower concentration, cell
division resumes after ablut five days.-

" DDFORM 1473 EDITION OF I NOV 65 IS OBSOLETE

DD I~~ 473 MW%0102-LF-014660S OLT Unclassified
SECURITY CLASSIFICATION OF T PAGE (Own Dos &"are*

* - . .. . .



N/A
SECURITY CLASSIFICATION OF THIS PAGE (Ut,. Dal* Ea*.r.

In animals exposed toO 0 it has been noted that they eat less and lose

w;eright. 44enhzd 1..ho.. t i'r-breathing mice deprived of food had weight
loss and depression in DNA synthesis similar to that observed in mice exposed
to 95 percent 0'-' These-results indicate that indirect factors are associated
with the depresiion of DNA synthesis observed in mice exposed to high 02*

)Ic nave alu on- Jjck of food or 40 percent 0 ~did not inhibit
type 2 division associated wit repair of ozone damaged alveolar epithelium.
Oxygen concentrations of 61 percent or higher did inhibit reparative cell
division in ozone damaged alveoli of mice.

ifo

&f gt

Do D SONC

MMOMj

Unclassified
SECURITY CLASUPICATION OF TIS PA@EW111k Date EaeWe.



FINAL TECHNICAL REPORT OFFICE OF NAVAL RESEARCH

STUDIES ON OXYGEN TOXICITY IN THE LUNGS

PRINCIPAL INVESTIGATOR: JACK D. HACKNEY, M.D.

CHIEF, ENVIRONMENTAL HEALTH SERVICE
RANCHO LOS AMIGOS HOSPITAL
PROFESSOR OF MEDICINE

*UNIVERSITY OF SOUTHERN CALIFORNIA

SUBMITTED BY: PROFESSIONAL STAFF ASSOCIATION OF THE
RANCHO LOS AMIGOS HOSPITAL, INC.
7413 GOLONDRINAS STREET
DOWNEY, CALIFORNIA 90242

CONTRACT NO. N00014-78-C-0290

PERIOD OF PERFORMANCE - MAY 1, 1970 THROUGH FEBRUARY 29, 1980

80 3 7 004
- * - -.,- - - S,



TABLE OF CONTENTS

PAGE NO.

A. OVERVIEW -------------------------------------------- 1I

B. DETAILS OF RESULTS
Preface to Section B----------------------------- 3

#1 Cell Proliferation in Lungs of Mice Exposed
to Elevated Concentrations of Oxygen ------------ 4

#2 Animal Atmospheric Exposure Chamber System
Using a Modified Tank Respirator ---------------- 8

#3 Effects of 100% Oxygen on Cell Division in
Lung Alveoli of Squirrel Monkeys--------------- 13

#4 Effects of 60 and 80% Oxygen on Cell Division
in Lung Alveoli of Squirrel Monkeys ------------- 17

#5 Effects of Oxygen at High Concentrations and
Food Deprivation on Cell Division in
Lung Alveoli of Mice-------------------------- 22

#6 Effect of High Concentrations of Oxygen on
Reparative Regeneration of Damaged Alveolar
Epithelium in Mice---------------------------- 32

Ma



A. OVERVIEW

Work on two animal species under this contract has shown that during the
first day of exposure to high concentrations of oxygen (0 ) the normal rate
of cell division in the lung is decreased (1,3). in anini3ls that survive the

Iinitial exposure to 0 or in those exposed to a lower concentration, cell
division resumes afte; about five days (.2-4).

Although cell division is inhibited in the lungs of animals exposed to
02' it is not known whether this is a direct or indirect effect of 02 Studies
in vitro have shown that a variety of metabolic processes, including DNA
synthesis, are inhibited during exposure to 021 indicating that 0 can act
directly on the cell. However, in the intact animal, other facto~s such as
stress hormones and starvation also decrease cell division. In animals exposed
to 02 it has been noted that they eat less and lose weight. We (5) have shown
that ar-breathing mice deprived of food had weight loss and depression in DNA

fsynthesis similar to that observed in mice exposed to 95 percent 0 These
results indicate that indirect factors are associated with the dep~ession of
DNA synthesis observed in mice exposed to high 02.

Related questions of interest arose: Is the type 2 cell proliferation
induced by injury of the lung inhibited by high 021 and is decreased food

*consumption a factor? Our data (see manuscript #6 in the detailed part
of this report) indicate that lack of food or 40 percent 0 did not inhibit

* type 2 division associated with repair of ozone damaged al~eolar epithelium.
Oxygen concentrations of 61 percent or higher did inhibit reparative cell
division in ozone damaged alveoli of mice.
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B. DETAILS OF RESULTS

Preface to Section B

This section is structured so that copies of the publications that
resulted from the ONR support are used. In one instance a draft manuscript
is included. Advantages of this structure are that considerable detail is
included in a cost-effective way and contributors to the various studies are
listed as authors or otherwise acknowledged. A disadvantage is inconsistency
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CELL PROLIFERATION IN LUNGS OF MICE EXPOSED

P TO ELEVATED CONCENTRATIONS OF OXYGEN



Cell Proliferation in Lungs of Mice
Exposed to Elevated Concentrations
of Oxygen

MxcHAw J. EvAss and JAcK D. HAcKNEY

Rancho Los Amigos Hospital, Downey, California 90242 and
Stanford Research Institute, Menlo Park, California 94025

EVAN, M. J., and J. D. HACKNEY. Cell proliferation in lungs of a rate of 2 L/min. The oxygen was humidified by
mice exposed to eleated concentrations of oxygen. Aerospace bubbling through distilled water and the chamber tern-
Med. 43(6):620-622 1972. perature was maintained at 23"C. tl

The purpose of this study was to determine the effects of con-
centrations of 0, greater than 21% but less than 100% on cell One hour before sacrifice the mice were removed
division in the pulmonary alveoli. To accomplish this mice were from the chamber, injected intraperitoneally with 50
exposed to 40, 60, or 80% 02 and cells preparing to divide were microcuries of 3H-TdR (S.A. 7.2 Ci/mM) and returned
labeled with tritiated thymidine (eH-TdR). Labeled cells were to the chamber. The mice were killed with an overdose
visualized with autoradiographic techniques and labeled cells
counted with the light microscope and expressed as a labeling of sodium pentobarbital, the lungs removed and fixed
index.' by perfusion with 2% gluteraldehyde, sliced, and post-

In the present study it was shown that DNA synthesis in en- fixed in 1% OsO4. Pieces of the tissue, each containing a
dothellal cells also was inhibited by exposure to less than 100% terminal bronchiole, were embedded flat in Beem cap-
oxygen. However, the other cell types were not affected. insirbi-
tion of DNA synthesis lasted about five days and then returned sules with Araldite. One-micron sections for light mi-
to control levels or above. Since the animals were continuously croscopic autoradiography were cut and coated with
exposed to oxygen, these results indicated that the cells had Ilford L-4 emulsion. Following exposure in the dark, the
adapted to the oxygen environment. Presumably, before they slides were developed, fixed, and stained with toluidine
adapted to the oxygen, processes associated with cell division blue. Details of the procedures for tissue preparation
(such as tissue repair and cell turnover) would be inhibited.! and autoradiography have been presented previous-

ly.10

RCells that had incorporated 8H-TdR into their nuclei
N PREVIOUS REPORTS it was shown that 100% (labeled cells) were counted and expressed as a propor-
oxygen inhibits cell division in pulmonary alveolar tion of the total cell population. Approximately 2,000

cells of the intact mouse.6-5 All cell types were inhibited labeled and unlabeled cells were counted in 4 differentI after three days of exposure and all of the mice died microscope sections from each animal. The labeled cells
after five days of exposure to 100% oxygen. In studies were then divided into 3 groups: (a) Type 2 alveolar
using lesser concentrations of oxygen and different cells (b) alveolar macrophages (c) cells in the alveolar
species of animals, there appeared to be proliferation walls.
of cells if they lived longer than one week.a . l Each group of cells was then expressed as labeled

The purpose of this study was to determine the ef- cells per 1000 cells counted. Red blood cells were not
fects of concentrations of 02 which are less than 100% included in the count. When changes from control
on cell division in the pulmonary alveolL To accomplish values were noted in the group of labeled cells from the
this, mice were exposed to 40, 60, or 80% 02 and cells alveolar wall, the labeled endothelial cells were identi-
preparing to divide were labeled with tritiated thymi- fled and their relative increase or decrease determined.
dine (sH-TdR). Labeled cells were visualized with Due to the small number of experimental animals in-
autoradiographic techniques, counted -with the light volved, all data points are reported so that trends can

* microscope, and expressed as a labeling index.5  be observed; statistical analysis did not seem warranted.

MATERIALS AND METHODS
Young male mice (Swiss-Webster) were used in this

study. The mice were exposed to oxygen by placing General Observations-A total of 90 mice were used
them in a closed chamber containing CO2 absorbent in these experiments. Twenty-four served as controls, 21
(Sodasorb) with either 40, 60, or 80% oxygen flowing at were exposed to 40% oxygen, 23 exposed to 00% oxy-

gen, and 22 exposed to 80% oxygen. None of the ani-
mals died during the experiment. No evidence of ede-
ma or hyaline membranes was observed in the lungs of

ThIs research was supported by the office of Naval Research, control mice or those exposed to either 40, 60, or 80%
N00014-70-C-00306 and NHLI contract No. NIH-71-2151. oxygen.

Reprinted from Aerospce Medicine,. Volme 43. Number 6, June. 1972



CELL PROLIFERATION IN LUNGS OF MICE EXPOSED TO OXYGEN-EVANS & HACKNEY

Labeling Indezes-The control groups of 24 mice had Type 2 alveolar cells or alveolar macrophages. The
a mean labeling index of L5 Type 2 alveolar cells/,000 labeling indices for Type 2 alveolar cells ranged from 0
alveolar cells ±1.3, 1.2 alveolar macrophages/1,000 to 2.0 labeled cells per 1,000 alveolar cells and alveolar
aveolar cells -1.4, and 20.5 cells in the alveolar walls/ macrophages from 0.5 to 2.9. Figure 3 illustrates the
1000 alveolar cells ±9.6. This last group of labeled cells labeling indices for the remaining cells in the alveolar
is composed mainly of agranular leukocytes and en- walls. Again there was an initial decrease in the number
dothelial cells. Examples of labeled cells and the pro- of labeled cells which returned to control levels by six
portion each makes of the total labeled cell population days. The decreases were due to fewer labeled endothe-
in the alveoli have been presented previously. -8,10  hal cells.

The group of mice exposed continuously to 40% oxy-
gen for eight days had no change in the number of Type
2 alveolar cells or alveolar macrophages that could be
labeled with 3H-TdR. Labeling indices for Type 2 alve-
olar cells ranged from 0.4 to 3.0 labeled cells per 1,000
alveolar cells, and alveolar macrophages from 0 to 4.5 so-
labeled cells per 1,000 alveolar cells. Figure 1 illustrates
the labeling indices for the remaining labeled cells in
the alveolar walls. Initially, the labeling indices were
slightly depressed, but after four days they had re- so0

1 . turned to control levels and above. The increased label-
ing indices are due mainly to more labeled endothelial
cells and agranular leukocytes.

The group exposed continuously to 60% oxygen for 4
nine days had no change in the number of Type 2 alve- 30-.

olar cells or alveolar macrophages that could be labeled. . .
Labeling indices for Type 2 alveolar cells ranged from 20
0.5 to 2.2 labeled cells per 1,000 alveolar cells and alveo- -J .
lar macrophages from 0 to 3.2 labeled cells per 1,000 al- ..................... ...
veolar cells. Figure 2 illustrates the labeling indices for
the remaining cells in the alveolar walls. Initially, the ' 2 3 4 . ' 'T a 9 , .
labeling indices were depressed but by five days they
had returned to control levels. The initial decrease in DAYS iN IGO%0OXVE,

the labeling index was due to fewer labeled endothelial Fig. 2. Labeling index of cells in the alveolar walls during ex-
cells. posure to 60% oxygen. The solid line represents the mean and

In the group of mice exposed continuously to 80% the shaded area the standard deviation of the mean of control
oxygen there were no changes in the number of labeled animals.
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Fig. 1. Labeling index of cells in the alveolar walls during ex- Fig. 3. Labeling index of cells in the alveolar walls during ex-

posure to 40% oxygen. The solid lines represents the mean and posure to 80% oxygen. The solid line represents the mean and
the shaded area the standard deviation of the mean of control the shaded area the standard deviation of the mean of control

4. animah, animals.
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CELL PROLIFERATION IN LUNGS OF MICE EXPOSED TO OXYGEN-EVANS & HACKNEY

DISCUSSION there is extensive tissue damage but no inhibition of

It is well established that high concentrations of oxy- cell division. In this case repair begins almost immed-

gen inhibit growth of cells in vitro12 ; DNA synthesis is iately and there are very few animal deaths.1

inhibited and the ability of the sister cells to separate is Cells of the pulmonary alveoli also constitute a re-

impaired.11 However, less is known about the effect of newing cell population.1 . 7 In renewing cell populations

oxygen on cell division in vico. Evans et al. s showed that there is cell division but no net increase in the number

100% oxygen inhibits DNA synthesis in cells of the pul- of cells because one sister cell is sloughed off.5 The pur-

monary alveoli of the intact mouse. Alveolar macro- pose of a renewing cell population is to maintain the in-

phages were inhibited by 72 hours of exposure to O., tegrity of a tissue by acting as a source of new cells,

Type 2 alveolar cells after 48 hours, and endothelial e.g., bone marrow and intestine. How this relates to oxy-

cells were affected by 24 hours. In the present study it gen toxicity in the lung is not clear. Because cells are

'was shown that DNA synthesis in endothelial cells was inhibited by oxygen it may be implied that the integrity

also inhibited with lesser concentrations of oxygen. of pulmonary tissue is threatened. However, further re-

However, the other cell types were not affected. The search is necessary concerning the role of cell renewal

reason for the different responses of the pulmonary cell in pulmonary alveoli before the effects of O2 on this

types is not clear, but it is thought to be due to intra- system can be completely understood.
cellular concentrations of metal ions, chelating agents,
or sulfhydral groups.12 In addition, in vitro studies have REFERENCES
shown that the degree of inhibition is dependent on the 1. BERTALANF

"y, F. D., and C. P. Lxuo.xn: The continuous

concentration of oxygen used.2 . 11 16 This would mean renewal of the two types of alveolar cells in the lung of the
that the most sensitive cell types would be the ones rat. Anat. Rec. 115:515-541, 1963.
most likely to be affected by a lesser concentration of 2. BnOESExim, R. W., and V. J. trran: The effect of oxygen
oxygen. This agrees with the present finding that e- tension on the growth and metabolism of a mammalian

cell. Exp. Cell Res. 25:101-113, 1961.
dotheial cells, the most sensitive to 100 percent oxygen, 3. BtrmOucu, AV. S.: Mitotic and functional homeostasis: a
were the only ones affected in this study. speculative review. Cancer lies. 25:1683-1727, 1965.

Inhibition of DNA synthesis lasted about five days 4. CEDEncnEN, B., L. CYLLEXSTEN and J. WERaSALL: Pulmonary

and then returned to control levels. Since the animals damage caused by oxygen poisoning. An electron micro-
scope study in mice. Acts Paediat. 48:477-494, 1959.

were continuously exposed to oxygen, these results indi- 5. CLEAVER. J. E.: Thymidine Metabolism and Ccll Kinetics.
cate that the cells had adapted to the oxygen. However, New York: J. Wiley and Sons, Inc., 1967, p. 259.
before they adapted to the oxygen, processes associated 6. EvANs, M. J., R. F. BiLs and J. D. HACKNEY: An electron

with cell division, such as tissue repair and cell turn- microscopic study of cellular renewal in normal and oxy-
gen poisoned mice. Curr. Res. in Chronic Resp. Dis. (PHS

over, were inhibited. Publication 1879), 33-40, 1969.
In the present study there was no visible tissue dam- 7. EvA.s, M. J., and R. F. Bus: Identification of tritiated thy-

age so inhibition of repair would not affect the animal. midine labeled cells in the pulmonary alveolar walls of the
However, in animals exposed to higher levels of oxy- mouse. Amer. Rev. Resp. Dis. 100:372-378, 1969.

gen inhibition of repair processes is important. The ini- 8. EVANs, M. J., J. D. HAcNEY and R. F. Bms: Effects of a
high concentration of oxygen on cell renewal in the pul-

tial stages of the oxygen lesion are focal damage to en- monary alveoli. Aerospace Med. 40:1365-1368, 1969.
dothelial cells, formation of hyaline membranes, edema, 9. EVANS, M. J., w. MAm, R. F. Bus and C. G. LoosLi: Effects

and loss of Type I alveolar epithelium. 4. 
14 In animals of ozone on cell renewal in pulmonary alveoli of aging

that survive the initial damage repair of the tissue be- mice. Arch. Environ. Health 22:450-453, 1971.
gins after about seven days At this time there is pro- 10. EVANS, M. J., R. J. ST-mnEs and C. FREEMAN: Effects of

nitrogen dioxide on cell renewal in the rat lung. Arch.
liferation of endothelial cells in capillaries and Type 2 Intern. Med. 128:57-60, 1971.
alveolar cells in the epithelium in order to repair dam- 11. FERENcz, N., and R. M. NAnMoNE: A phase contrast cine-

aged areas of tissue.13 .1 The beginning of cell prolifera- micrographic analysis of elevated oxygen tension effects
Stion around seven days reported by Kapanci et a~i'3  on cell dynamics in strain L cells. Exp. Cell Res. 63:277-

a284, 1970.
compares favorably with the present results, which 12. flAUcAAmz>, N.: Cellular mechanism of oxygen toxicity.
showed that cell division was inhibited for only the first Physin. Rev. 48:311, 373, 1968.
five days and had returned to control levels by seven 13. KAPANCI, Y., E. R. WEBEL, H. P. KALAN and F. R. BRoia-
days. Although Type 2 cells were not inhibited in this soN: Pathogenesis and reversibility of the pulmonary le-
sdy. Athyg Tere ftellhs went exposied tn t0issions of oxygen toxicity in monkeys. II. Ultrastructural and
study, they were after 48 hours when exposed to 100% morphometric studies. Lab. Invest. 20:101-118, 19W9.
oxygen. In the previous study it was not possible to de- 14. KiSTmEn, G. S., P. R. B. CAnUWELL and E. R. W S L: De-
tcrmine whether the Type 2 cells adapted to the O velopment of the structural damage to alveolar and capil-~lawy lining cells in o.xygen-poisoned rat lungs. I. Cell Biol.

* and began dividing again because the animals died by aln csi g-se tu.6l.* it can32:805-628, 1967.
five days.6 From the work of others it can be assumed 15. PnArr, P. C.: The reaction of the human lung to enriched
that animals which survive more than five days adapt oxygen atmosphere. Ann. NY Aced. Scl. 121:809-822,
and begin to repair the tissue. This indicates that one of 1965.
the factors in oxygen toxicity may be the inability to rc- 16. REuCKEnT, B. R., and G. C. MUELLER: Effect of oxygen ten-

pair tissues damaged during the early days of exposure sion on HeLa cell growth. Cancer Res. 20:944-949, 1960.
bcas usd e u the ear y hibitedayfrom dividi 17. SCIHAFFNEB, F., P. FELIG and E. TRAcrrm.MM: Structure

to oxygen because the cells are inhibited from dividing. of rat lung after protracted oxygen breathing. Arch. Fath.This can be compared with the NO2 lesion in which 83:99-107, 1967.
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Animal Atmospheric Exposure Chamber System Using a

Modified Tank iZESPIRATOR

F. C. THIEDE, J. D. HACKNEY, M.D., W. S. LINN, C. SPIER and W. HOUSE

Ft rironental Health Deprtment, Rancho Los Amigos Hospital,
Downey. California 90242

A low-cost chamber for exposing small animals to artificial atmospheres is described.
Two surplus tank respirators for humans were modified for use, one as an experi-
mental chamber and the other as a control chamber. They were designed so that

1.high flows of gas would maintain 02, C0 2, water vapor, and waste-generated gases
at acceptable levels on a once-through basis. Procedures for waste removal, feeding
and watering are also described. The changes in environmental chamber conditions
during exposure of squirrel monkeys to 100% 02 and mice to 40% 02 are reported.
This simple, inexpensive system Is adequate for experimental exposure of up to 13
squirrel monkeys where only limited control of the environment is required. Ex-
cellent environmental control was achieved with up to 30 mice.

A SERIES OF STIUDIES on the effects of These devices are rarely used today in this
altered 02 concentrations on turnover hospital, and, consequently, there was a

times of alveolar cells and lung morphologi- large assortment in surplus storage. Two
cal changes are being conducted in our lab- 36" by 72" respirators served as the experi-
oratory using squirrel monkeys. A review of mental chamber and the control chamber.
the literature on small animal chambers re- The tanks were modified to meet the re-
vealed (1) relatively expensive environmen- quiremcnts of an animal exposure chamber.
tal chambers for long-term small animal ex- The bellows and motors were removed and
posures have been built,1-4 (2) inexpensive, all porthole collar gaskets were replaced
fabricated exposure systems were limited as with solid discs of the same material to
to the size and number of animals that could reduce leakage. The 18" by 8" bedpan port
be accommodated,5 , and (3) large, complex was left intact to provide access to the in-
chambers with sophisticated control systems side of the chamber. One-inch holes for gas
that were already in existence have been in-flow and out-flow tubing were drilled at
used.7-" For a variety of reasons, none of opposite ends of the tanks, and in the bottom
these chamber designs were appropriate for of both tanks for the drainage of liquid ma-
our specific application. Our goal was to terial.
provide a chamber that was simple in design, Perforated stainless steel sheeting to serve
minimal in cost, and yet large enough to as a floor for the chamber was installed on
handle up to 13 squirrel monkeys for several the sliding framework attached to the tank
days. door. A 6" wide raised platform where the

animals could perch was installed along the
Chamber Desc-in, ion length of the floor. (Figure 1 shows the

A tank respirator of the "iron lung" va- overall chamber configuration and later
riety appeared to be suitable for housing a modification described in the next section.)
number of squirrel monkeys for several days. A hole for the insertion of the metal tub-

This research 'as su i' prtd by tie office of Naval Re- ing spout of a standard animal watering
X/. W satch N00014.7-C-03 and N11i.t NIH-71-151. bottle was drilled in the middle of the cham-
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ber between the Piexiglss windows. The sure experiment, a once-through 0* flow was
bottle itself was mounted with a bracket and used. Sodasorb absorbent pellets in three
tension spring arrangement on the outside 18" by 12" aluminum foil baking pans were
of the tank. The monkeys were fed by plac- placed tnder the perforated steel floo-ring at
ing stainless steel bowls of fruit and dry the bottom of each chamber.
food directly inside the chamber. Although 02 and CO., concentrations and

Temperature and humidity were moni- temperaturcs were adequately controlled (see
tored inside the chambers by visual inspec- Table 1), relative humidity rose to 100%.
tion of a Weather Measure TM50 dial Presumably, the presence of urine and feces
thermometer and an HM 15 dial Durotherm in the bottom of the chamber and moisture
Hygrometer, respectively. Brackets mount- from fruit slices fed to the animals contrib-
ed the gauges so they were clearly visible uted to the high humidities.
through one of the Plexiglass windows. In an attempt to reduce these humidity

A manifold of four O cylinders supplied levels in the 02 chamber, the bank of four
02 to the 02 zhamber metered through a 02 cylinders was supplemented by an addi-
wall-mounted NCG O flow meter. 02 con- tional four-cylinder manifold meter by a
centration was measured periodically at the second NCG 02 flow meter. A second 02
out-flow with a Beckman E2 02 analyzer inlet hole was drilled in the chamber wall
and the CO., concentration was measured directly opposite the first. A high-flow ca-
with with a Beckman LB-I Medical Gas pacity Dynapump (25 lpm) was connected
Analyzer. in parallel with the original pump (8 lpm)

for higher flow rates into the control cham-
her. Since the Sodasorb was wet and prob-

Exposure of Sqtirrel Monlkeys to 100% 02 ably deactivated during the 72-hour study,

For an initial three-day 100% 02 expo- it was eliminated. The high flow rates

I

.

II
Figuire I. Photograph of exposure chamber constructed fromi a tank respirator.

" "" -10-
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372 June, 1974

TABLE I
Summary of Chamber Parameters

during a 72-Hour and a 120-F-lour Exposure of Squirel Monkeys
72-Hour Exposure 120-Hour Exposure

Parameter 02 Chamber Control Chamber 0., Chamber Control Chamber

Gas inflow, lpm 4-10 4-1t I14-30 33

0., concentration. % 99.3-100 Room Air 99-100 Room Air
,i (Dry)

Max. C0 2 concentration, % 1.4 0.5 < 1.0 < 1.0

Chamber Temperature *F. 78-85 72-81 82-84 81-83

Chamber % of relative
humidity 59-100 61-100 61-90 68-93

Initial No. of animals 13 6 13 6

Room temperature *F. 72- 83 80-82

NOTE: Double values represent range of parameter variation.
*Initial 02 flow was 30 1pm but reduced to a final flow of 14 1pm.

through the chambers would, presumably, scraper blade mounted on a handle. (Figure
maintain CO, at a low level. I shows the double partition arrangement.)

Additional modifications were made in To further reduce moisture, orange and
both tanks to reduce the water vapor con- apple slices were placed in the chamber foi
tent. An adidtional one-inch hole was drilled a limited time. Peels and leftovers were re-
in the bottom of he tank at the door flange moved as soon as the animals finished eating
Etnd fitted with a stopper. The tanks were The chambers were located in a room wit ,l
tipped slightly toward this end using the thermostatically controlled temperature anc
elevation mechanism at the other end of the a heat pump was used for cooling or heating
tank. This allowed the urine to collect and The in:ernal chamber temperatures could Ix
it could then be drained by removing the adequately controlled by varying the roorr
stopper. Fecal matter deposited on the per- temperature. Table I summarizes the cham-
forated flooring and on the battom of the ber parameter ranges for both the 72-horn
tank was periodically removed, and the 120-hour experiments.

tA two-foot diameter steel partition wag
attaeheo to the end of the sliding framework Exposure of Mice at 40% 02

j so that, when the door was unlatched and This system has also been used for 0,
the entire framework rolled out of the cham- exposure experiments with up to 30 mice
ber, the partition served to keep the animals contained in separate cages within one tank.
on the flooring and out of the bottom of the A Veriflow MR-I ventilator 02 controllei
tank. Another removable partition of thy was used to dilute 100% 02 with cylinder
same diameter but with cutouts for the compressed air to 40% 02. The flow rate
raised platform and the area beneath tht was set at 13 liters per minute. This experi-
flooring was positioned to cover the upper ment lasted for 20 -days and, under these
part of the open end of the chamber when conditions, the temperature remained ver3
the door was first pulled away from the stable and the relative humidity rcmainec
chamber. This double-partition permitted near 50%.

the framework to be pulled out, but re-
strained the monkeys between the two par- Discussion

, titions. Feces and pooled urine in the bot- The once-through flow technique was usec
| tom of the tank could then be scraped primarily to eliminate the nced for an envi-

toward the front and removed using a metal ronmental control system and thus minimiz

.. -11-
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American Intdustrial H ' yiene Ass ociation Jottrn, 373I cost of fabrication and operation of the tion using small animals, such as mice, which

chamber. In adidtion to economy, certain produce smaller amounts of waste, CO2 andother advantages are inherent in this kind water vapor.
of system. Leakage is not an important con-
s .cration since gas outflow from the cham- References
ber is much greater than even a sizable leak. 1. Cook, S. F. and H. F. Leon: Survival ol C-.57

A certain flexibility exists with a once- Mice ant Squirrel Monkeys in High ad LowPressures of Oxygen. AFMDC-TR-60-2l, Hol-through operation since oxygen flow rate car. Ionan AFB, New Mexico.
be readily adjusted to mainain 02 concen- 2. Zogg, C. A.: Feed Digestibility and Utilizationtration and control C0,2 concentration, tern- by Growing Guinea Pigs in Helium-OxygenEnvironments of Ambient and 21 Atmospheres

perature and humidity. Changes in these Absolute (ATA). Aerosp. Med 42:1262-1265
parameters occur when the number of ani- (December 1971).mals in the chamber is altered, following 3. Beauchamp, ., P. J. Donovick, R. G. Bur-right: An Automated System for Long-Terr
contamination of the chamber atmosphere and Continuous Computer Compatible Re-
by removal of the animals, or after cleaning cording of Feeding, Drinking and General Ac-tivity Behaviors of Rodents. Physiol. Behaviorthe chamber. The simple design of the sys- 8:76 (April 972).
tern reduces the possibility of component 4. Egan, H. J. and E. J. Butler: Controlled Envi-
failures, which arc more likely in a complex ronment Systems for Experimental Animals.faiuroes a oIt. A Unidirectional Air Flow Tent. Lab.environmental control loop. Anint. Care 6:119 (May 1972).

Certain disadvantages exist in this type of 5. Comstock, E. G. and R. R. Rue: Exposure of
design, however. Large quantities of 0Z are Mice to Nitrogen Dioxide-a Constant pres-

stare System. Am. Ind. Hyg. Assoc. J. 22:33used, thus .necessitating frequent cylinder (Feb. 1961).
changes. Careful planning and coordination 6. Mohr, H. E. and L.. L. Hopkins, Jr.: An All-
are required to assure an adequate supply Plastic System for Housing Small Animals ina Trace Element Studies Lab. Anii. Care 22.96
of cylinders for a particular test duration. (Feb. 1972).
Frequent monitoring of the 02 flow rate 7. Stetzne:, I.. C. and B. LeBoer: Thermal Bal-
and cylinder gas supply is required to main- ance in the Rat during Exposure to Helium-

Oxygen from I to 41 Atmosphere. Aerosp.
tain the chamber atmosphere. Med. 4(3:306-309 (1972).

Controlling humidity is the most signifi- K. Dines, J. H. and F. A. Hitcliock: A Closedi h t System for Prolonged Exposure of Small Ani-
cant problem. however. Water vapor from mals io Artificial Atmospheres. J. Appl.urine and fresh fruit contributes to the crca- Physiol. 18(3):633-636 (May 1963).

tion of high humidities. 9. Workman R. D., G. F. Bond, and W. F. Maz-
zone: Prolonged Exposure ol Animals to Pres-

For tests of longer duration, it appc;,rs surized .Vormnal and Synhetir 4maospheres.
that some kind of automatic environmental U.S.N. Medical Research Laboratory Report,

cuMcJ. Navy Department, 1962.
control system would be worth considering to 10. Stinson, J. M. and J. L. Mattsson: Tolerance
minimize the amount of O required and Ic of Rhesus Monkeys to Graded Increase in
control humidity. For tests lasting a few Environmental C0 2.: Serial Changes in Hearl

Rate ond Cardiac Rhythm. Aerosp. Med. 41:
(lays, the flow-though system is entirel., vadc- 415-418 tApril 1970),quate for animals such as squirrel monkey! It. Paulo, I. G., G. 0. Fink, U. L Roh, and
that tolerate high humidities. The system iR J. W. Fisher: Influence of Carotid Body Abta-

lion ,n l/rythropoletin Production in Rabbits.also adequate for exposures of longei d ira- Am. f. Physiol. 224:442 (February 1973).
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Effects of 100% Oxygen on Cell Division
In Lung Alveoli of Squirrel Monkeys

JACK D. HACKNEY, MICHAEl. J. EVANS, and CHARLES E. SPIEl

Rancho Los Amigos Hospilal. Downey, California 90242, and
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HAC:NEY, 1. D., -M. J. EvANs, and C. E. SPIElt. Ellects of animals were removed from the chambers, injected with
100% oxygen on cell division in lung alveoli of squirrel mon- tritiated thymidine ( 3H-TdR) in order to label dividing
keys. Aviat. Space Environ. Med. 46(1i):1340-1342, 1975. cells, and the lungs removed and prepared for light

The purpose of this study was to determine the effects of
100% ozygen O cell division In lung alveoll of squirrel microscopic autoradiography. The number of dividing
monkeys. To accomplih this, squirrel monkeys were exposed to cells in the alveoli was then determined by examining
100% oxygen for up to S d. Prior to sacrifice, cells preparing autoradiographs with the light microscope.
to divide were labeled with tritilated thymidine ($H-Tdr). La-
beled cells were visualized with autoradlographic techniques, MATERIALS AND METHODS
counted with the light microscope, and expressed In terms of a
labeling Index. In the present study it was shown that DNA Thirty-six male squirrel monkeys (Samimiri sciureus)
synthesis was initially inhibited by exposure to 100% oxygen.
However, within 3 d it was returning to normal and by 5 d was were used in this study. Experimental animals were
well above control levels. Analysis of the cell types Involved exposed to 98-99% oxygen at ambient pressure for I,
showed that the large Increase In labeling was due to an In- 2, 3, 4, and 5 d in two human tank respirators modi-
crease In dividing Type 2 cells, which is thought to be for rr fied for use, one for an experimental chamber and the
placement of damaged Type 1 cells. other for a control chamber (10). They were designed

so that high flows of gas (oxygen mixtures for the ex-
perimental chamber and compressed room air for the

rT HE RESPONSE of alveolar tissue to elevated con- control chamber) on a once-through basis would main-
V centrations of oxygen has been studied for many tain oxygen, carbon dioxide, water vapor, and waste-

years. Morphologically, these studies have shown that generated gases at acceptable levels. Flows in both
during the first 2 d of exposure there is little evidence chambers were sufficient to keep the CO2 levels less
of tissue damage. After this time, subtle changes occur than 1%. This was confirmed by gas chromatographic
in endothelial cells and more dramatic ones in the Type analysis. Mean exposure chamber temperatures for the
I epithelium. Type I cells appear to become damaged, individual runs ranged from 800-83°F and mean rela-
slough off, and be replaced by a cuboidal epithelium of tive humidity values ranged from 88-95%. In all, 25
Type 2 cells (2,7,9). During recovery, the Type 2 cells animals were exposed. Eleven additional control ani-
may transform into Type 1 cells as the tissue returns to mals were maintained under similar conditions but

normal (1,6). At the cellular level, there appears to be breathed ambient air. Mean control chamber tempera-
a general depression of the metabolic activity, initially tures ranged From 77*-83*F and mean relative humidity
through inhibition of enzymes and biochemical processes. values ranged from 87-89%. One hour before sacrifice,
However, later, as tolerance develops, metabolic and the animals were given an intraperitoneal injection of
various enzymatic activities increase (8). This sequence tritiated thymidine (specific activity 6.7 Ci/mmol
of events represents tissue damage, repair, and adapta- 3.3 x 10-3 mCi/g body weight), in order to label cells
tion of the tissue to a hyperoxic environment. preparing to divide. The animals were sacrificed with

The purpose of the present study was to determine the an overdose of sodium pentobarbital and the intact
proliferative response of the pulmonary alveoli in mon- lungs removed from the animals. The trachea was then
keys to continuous exposure to 100% oxygen. In previ- cannulated and 2% glutaraldehyde in cacodylate buffer
ous studies with mice, there was a decrease in the ability perfused into the airways under 12 cm of water pres-
of lung cells to divide during exposure to oxygen (3). sure. After fixation for I h, portions from the upper,
However, in animals that survived the early phase of middle, and lower regions of the left lobe were sliced,
exposure, the number of dividing cells returned to con- washed in a buffer, and postfixed in 1% osmium
trol levels or above (4). In the present study, monkeys tetroxide buffered at pH 7.4 with sodium cacodylate
were exposed to 100% oxygen for 5 d. At intervals, the plus 7.5% sucrose. Following dehydration and infiltra-

tion with araldite, portions of the lung containing ter-
minal and respiratory bronchioles and the adjacent

This research was supported by the office of Naval Research. alveoli were dissected out and embedded flat in Boom
contract No. N00014-70-C-0306 and NHLI grant No. HL 15098 capsules. One-micron sections were cut from two cap-
and contract No. NIH-71-2l51. sules from each region and prepared for light autoradi-
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CELL PROLIFERATION AND OXYGEN-HACKNEY ET AL.

24 1 1 EXPLANATION OF ABBREVIATIONS

22 - CAW - cells in alveolar wall
0 F - fahrenheit

20 - -H-Tdr - tritium-labeled thymidine
LI - labeling index (tritium-labeled cells

18 - per 1000 cells counted)
6 NO, - nitrogen dioxide

-j PPM - parts per million (by volume)

~12 - :i ~ii, : i.~ : ~~i: exposed, compared to control, lung tissue indicates
0M U

am ccj 14 .. .. :

01.When broken down according to cell type, it was found

>,that the increase was due mainly to more labeled Type
6 " i:,i: i 2 cells in alveoli. Few changes were seen in the alve-_j < u i ng olar macrophage population. The LI of CAW at 24

S4 Q . h was below control levels with a mean of 2.3 (Table
t I). The low LI was due primarily to fewer labeled

2 endothelial cells in the capillaries. These labeling in-

* dexes gradually increased and by 5 d had returned to
0 I control levels. At this time, labeled leucocyte and en-

0 24 48 72 96 120 144 dothelial cells were observed (Table I).
TIME IN 100% 02 - hours The labeling indexes of Type 2 cells initially were the

same as controls with an LI of 0.4 (Table I). This
Fig. 1. Total labeled cells per 1000 alveolar cells during ex- figure increased and by 5 d was well above the control

posure to 100% oxygen. The solid line represents the mean and LI of 0.4, with a mean of 7.6. The increased labeled
the shaded area the standard deviation of the mean of control
animalL cells were in groups scattered throughout the alveoli.

They did not appear to be associated with alveoli near
the openings of the terminal or respiratory bronchiolesography (6). as was observed during exposure to nitrogen dioxide.

After 6 weeks' exposure, the autoradiographs were
developed and stained with toulidine blue. The sections DISCUSSION
were studied under the light microscope and approxi-
mately 3000 cells were counted from three different The results of this study show an initial decrease in
regions of the lung. The number of labeled Type 2 cells, the number of dividing cells in the pulmonary alveoli
alveolar macrophages and cells in the alveolar wall- of monkeys exposed to 100% oxygen. Thisis followed
this last group made up mainly of leucocytes in the by a return to control levels or above for cells in the
capillaries and endothelial cells-were determined. The alveolar walls and an increase above controls for Type
labeling index was presented as labeled cells (of a 2 cells. In a previous report covering mice exposed to
particular type) per 1000 alveolar cells counted (5,6). 100% oxygen, there was a large decrease in the number

of labeled cells in the alveoli (3). In that experiment no
RESULTS animals lived longer than 4 d. The initial depression in

cell labeling reported was confirmed in an article by
General Observations: Mortality was high in the ex- Bowden et al. concerning mice exposed to 100% oxy-

perimental animals, with two dead at 96 h and two gen (2). They found a maximum decrease after '4 4 ofmore by 120 h.* Histologically, a progressive perivascu- exposure. In another study, using lower concentrations
Jar edema was found plus some tissue destruction in of oxygen (40, 60, and 80%), there also appeared to
the sacrificed experimental animals. Details of the his- be an initial decrease in cell labeling, which returned

* tological changes will be presented in another paper. to control levels by 7 d (4). In these experiments, mostleabeling Indexes: Labeled cells in control and ex- of the animals survived the exposure. Similar results
perimental animals appeared randomly distributed reported from studies of microorganisms and cells in

| throughout the tissue. Eleven control animals had an culture suggest initial depression in cell division mayoverall mean labeling index (LI) of 8.1 ±:4.0 labeled also be a general phenomenon in pulmonary tissue
cells per 1000 alveolar cells. Expressed as cell types, during the early stages of exposure to high concentra-
the LI of Type 2 cells was 0.4 ± 0.3, alveolar macro- lions of oxygen (8).•*- [ phages 0.3 ±: 0.3, and cells in the alveolar wall (CAW) The increase in cell labeling at 4-5 d in the present

7.4 ± 3.4. The total number of labeled cells found in study was also demonstrated in a previous study, using
lower concentrations of oxygen (4), and in severalIX. T'hese animals were submitted to necrolpsy; in eac cue papers by other Investigators concerning the paltho-

Syvanced autolysl pricluded hisopatholM. genesis of oxygen toxicity (2,3,11). Those papers re-

AvlAm Spce, ad EnvirmmanMl Medici • Nowmbw 19 3 1341
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CELL PROLIFERATION AND OXYGEN-HACKNEY ET AL.

TA1B1E 1. LABELING INDEX OF ALVEOLAR TISSUE DURING EXPOSURE
TO 100% OXYGEN.

LABELED CELLS PER 1.000 ALVEOLAR CELLS
Type 2 Alveolar Cells in the

DAYS Cells po* Macrophages p,, Alveolar Wails po
0 0 0
1.1 1.1 2.9
0.6 0 2.1
0 N.S. 0.7 N.S. 4.2 <0.021

.2 0 0 5.7
4.1 0 4.9
0 0 0.7
0 N.S. 0 N.S. 3.2 N.S.

3 2.4 0 9.6
1.1 0.4 4.4
0 0 3.2

11.7 N.S. 0 N.S. 9.2 N.S.

4 1.3 0 4.0
1.3 0.7 3.4
1.1 0 2.8
5.9 <0.02 0 N.S. 7.4 N.S.

. 6.4 0 7.8
14.5 1.1 8.4
4.0 0.7 13.2
3.7 1.2 4.3
9.5 <0.002 1.2 <0.02 13.0 N.S.

Controls* 0.4 _ 0.3 0.3 ± 0.3 7.4 ± 3.4
(m ± IS.D.)

N - 11
•*p is for each experimental day vs. control; Mann-Whitney U (nonparametric)

test was used.
I experimental group less than control.

ported hyperplasia of alveolar cells in animals exposed REFERENCES
to oxygen for more than 5 d. The principal multiplying 1. Adamson, I. Y. R., and D. H. Bowden. 1974. The type 2
cells were Type 2 cells and endothelial cells. The pur- cell as progenitor of alveolar epithelial regeneration. Acytodynamic study in mice after exposure to oxygen. Lab.
pose of their multiplication is believed to be repair of Invest. 30:35-42.
damaged tissues. This was recently confirmed by Adam- 2. Bowden, D. R., and 1. Y. R. Adamson. 1971. Reparative
son and Bowden in mice during recovery from ex- changes following pulmonary cell injury: Ultrastructural,
posure to oxygen (I). The concept of tissue repair dur- cytodynamic, and surfactant studies in mice after oxygen
ing continuous exposure to high concentrations of oxy- ~ exposure. Arch. Pathol. 92:279-283.

3. Evans, M. J., J. D. Hackney, and R. F. Bils. 1969. EffectsIen is well illustrated in the paper by Kapanci, et al. of a high concentration of oxygen on cell renewal in the
(9). In that study, they found evidence of Type 1 cell pulmonary alveoli. Aerospace Med. 40:1365-1368.
damage in the lungs of monkeys after 3 d of exposure 4. Evans, M. I., and J. D. Hackney. 1972. Cell proliferation in
to oxygen. The damaged cells then appeared to be lungs of mice exposed to elevated concentrations of oxy-en. Aerospace Med. 43:620-622.
sloughed off. After 7 d of continuous exposure, the S. Evans, M. J., R. J. Stephens, L. J. Cabral, and 0. Freeman.
damaged areas appeared to be replaced by a cuboidal 1972. Cell renewal in the lungs of rats exposed to low
epithelium composed of Type 2 cells. Additional papers levels of NO. Arch. Environ. Health. 24:110-13.
(2,7) that studied different species have confirmed the 6. Evans, M. J., L. J. Cabral, R. J. Stephens. and G. Free-

man. 1973. Renewal of alveolar )ithelium in the rat
morphological findings of Kapanci, et at. (9). following exposure to NO2. Am. . Padul. 70:175-198.

7. Gould, V. E., R. Tosco, R. F. Wheelis, N. S. Gould, and
The present study illustrates that multiplication of Y. Kapanci. 1972. Oxygen pneumonitis in man. Ultra-

Type 2 cells begins after 4-5 d of exposure. Presumably, structural observations on the development of alveolar
this activity would result in the hyperplasia after 7d lesions. Lab. Invest. 26:499-508.
reported by Kapanci, et al. (9). An additional factor as- 8. Haupard, N. 1963. Cellular mechanism of oxylen toxicity.
sociated with increased Type 2 cell division may be the Physlot. Rev. 48:311-373.
development of tolerance in the animal. In an article by 9. Kapanci, Y., E. R. Weibel, H. P. Kaplan, and F. R. Robin-

son, 1969. Pathogenesis and reversibility of the pulmo-
Evans, e al. using rats exposed continuously to 15 ppm nary lesions of oxygen toxicity in monkeys. It. Ultra-
NO,, it was found that when Type I cells were dam- structural and morphometric studies. Lab. invest. 20:
aged, Type 2 cell proliferation occurred, reached a peak 101-its.
at about 3 d, and then returned to normal despite con- 10. Thlede, P. C., W. S. Linn, W. House, C. Spier, and I. D.
tinuous exposure (5). This demonstrates that the tis- Hackney. 1974. Animal atmospheric exposure chamber

system using a modified tank respirator. Am. Ind. Nye.
sues developed some tolerance to the NOs. Asoc. 1. 35:370-373.
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HAcKNey, J. D., M. J. EVANS, and B. R. CHRISTIE. Elfects of The purpose of the present study was to determine
60 and 80% oxygen on cell division in lung alveoli of squirrel the response of the pulmonary alveoli in squirrel mon-
monkeys. Aviat. Space Environ. Med. 46(6):791-794, 1975. keys to continuous exposure to 60 and 80% 02. In

The Purpose of this study was to determine the effects on cell kes tudies eosure o a dec0aeOn tn
1 t . dyhldin of 6 and s0% oxygen In the lung alveoli of squirrel previous studies with mice, there was a decrease in the

1monkeys. To accomplish ti, squirrel monkeys were exposed to ability of lung cells to divide during exposure to 60 and
60 and 80% oxygen for up to 8 d. Prior to sacrifice, cells pre- 80% 02 (4). However, in animals that survived the
pain to divide were labeled with tritlated thysindine (2H-TdR). early phase of exposure, the number of dividing cells
Labeled cells were visualized with autoradofgraphle techniques,
counted with the light microscope, and expressed In terms of a returned to control levels or above (5). In the present
labeling Index. In the present study, It was shown that DNA study, monkeys were exposed to 60 and 80% 02 for
synthesis was not changed by exposure to 60%; however, with up to 8 d. At intervals, the animals were removed from
exposure to 80% oxygen, cell labeling was well above control the exposure chambers, injected with tritiated thymidine
levels by S d. Analysis of the cell types Involved showed an In. ( 3H-TdR) in order to label dividing cells, and the lungs
creme in labeling due to an increase in dividing Type 2 cells.
Other cells In the alveolar wall also showed an Increase In label- removed and prepared for light microscope autoradiog-
Ing. raphy. The number of dividing cells in the alveoli was

then determined by examining autoradiographs with the
light microscope.

ORPHOLOGICAL studies of alveolar tissues ex- MATERIALS AND METHODS
posed to concentrations of oxygen (02) near

100% have shown that during the first 2 d there is little 60% 02 Exposure: 16 male squirrel monkeys
evidence of tissue damage. After this time, subtle changes (Saimiri sciureus) were exposed to 60% 0 at ambient
occur in endothelial cells and more dramatic ones in the pressure-for 2, 4, and 8 d for experimentals and 2 and
Type 1 epithelium. Type I cells appear to become dam- 8 d for controls-in two human tank respirators modi-
aged, slough off, and are replaced by a cuboidal epitheli- fied for use, one as an experimental chamber and the
um of Type 2 cells (2,8,11). During recovery, the Type other as a control chamber (12). They were designed
2 cells may transform into Type 1 cells as the tissue so that high flows of gas (oxygen mixtures for the ex-
returns to normal (1,7). At the cellular level, there ap- perimental chamber and compressed room air for the
pears to be a general depression of the metabolic ac- control chamber) on a once-through basis would main-
tivity, initially through inhibition of enzymes and bio- tain oxygen, carbon dioxide, water vapor and waste-
chemical processes. Later, as tolerance develops, meta- generated gases at acceptable levels. Flows in both
bolic and various enzymatic activities increase (10). chambers were sufficient to keep the CO levels less

This sequence of events apparently represents tissue than I%. This was confirmed by gas chromatographic
damage, repair, and adaptation of the tissue to a hyper- analysis. Mean exposure chamber temperature was
oxic environment. In another study, using squirrel mon- 78±2-F (25.6:± 1.2*C) and mean relative humidity
keys (9), it was shown that cell labeling was initially was 86 ±8%. Sixteen animals in all were exposed. Four
inhibited by exposure to 100% 02. However, within additional control animals were maintained under sim-
3 d it was returning to normal and by 5 d was well above iliar conditions, but breathed ambient air. Mean con-

control levels. Analysis of the cell types involved showed trol chamber temperature was 731 I°F (22.8-
that the large increase in labeling was due to an increase 0.60 C) and mean relative humidity was 83::5%. Ap-
in dividing Type 2 cells, proximately I h before sacrifice, the animals were given

an intraperitoneal injection of tritiated thymidine, ' .(I pCi/g body weight) in order to label cells preparing
to divide. The animals were sacrificed with an overdose

This research was supported by the Office of Naval Research, o dium pen ial andithe itan oved
contract No. N00014-70-C-0306 and NHLI grant No. HL-15098 of sodium pentobarbita and the intact lungs removedand contract No. NIH-71-2151. from the animals. The trachea was then cannulated and
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OXYGEN & CELL DIVISION-HACKNEY ET AL.
2% glutaraldehyde in cacodylate buffer perfused into phere from 48 through 192 h is associated with mildthe airways under 20 cm of water pressure. After fixa- generalized lung edema, increased rate of necrobiosistion for I h, portions from the upper, middle, and lower of airway mucosal cells with some mucosal erosionlobes of the left lung were sliced, washed in a buffer, and/or metaplasia, hyperplasia, and cell hypertrophyand postfixed in I % osmium tetroxide buffered at pH most apparent in the terminal bronchioles. This experi-7.4 with sodium cacodylate plus 7.5% sucrose. Follow- ment was associated with an apparent increase in theing dehydration and infiltration with araldite, portions number of Type 2 alveolar pneumonocytes in the alveolarof the lung containing terminal and respiratory bronchi- walls, and a slight increase in the numbers of alveolaroles and the adjacent alveoli were dissected out and macrophages present in the alveolar lumena.
embedded flat in Beem capsules. One micron sections
were cut from two capsules from each region and pre- Labeling Indexpared for light autoradiography (7). 60% 02 Exposure: The results of this experimentAfter 6 weeks exposure, the autoradiographs were are presented in Table I. In general, there was no dif-develoed and wsaied , w th e lu.T orahseios ference between experimental and control animals in the
developed and stained with toluidine blue. The section n erolaldTye2cl.Oeaimlt4dhd
were studied under the light microscope and approxi- number of labeled Type 2 cells. One animal at 4 d hadmately 3,000 cells were counted from three different an elevated labeling index (3.7); however, the othersregions of' the lung. The number of labeled Type 2 remained within control levels.: celsalvelarmacophaesand ell inthe lvelar There was no difference in the number of labeledcells, alveolar macrophages, and cells in the alveolar alveolar nmacrophages; between experimentals and con-wall (this last group is made up mainly of leucocytes in trols.the capillaries and endothelial cells) were determined. trois.The labeling index was presented as labeled cells (of a cells, agranular leucocytes in the capillaries, and in-particular type) per 1,000 alveolar cells counted (6,7). terstitial cells. Endothelial cells and leucocytes together

80% 02 Exposure: Twenty-four male squirrel mon- make up the largest proportion of the labeled popula-keys (Saimiri sciureus) were used in this study. Sixteen tion. In general, there was no difference between theanimals were exposed to 80% 02 in nitrogen in an experimental and control groups except for one animalenclosed exposure chamber for 8 d. An additional eight at 8 d (10.7). In this case, the increased labeling indexanimals were placed in a similar chamber but exposed was due to more agranular leucocytes in the capillaries.to room air to serve as controls. Each chamber was 80% 02 Exposure: The results of this experimentmonitored for temperature and relative humidity and, 0 ar e pos r: T e r l , thi s ape r ein addition, the exposure chamber was monitored for are presented in Table II. In general, there was a largeoxygen concentration. 
increase in the labeling indexes by 8 d. At 2 and 4 d,oxygen conentxsr mre athe mean labeling indexes for Type 2 cells were 1.5 andThe mean exposure temperature was 80 o2F and 1.7. After 5 d this increased to 4.1, and after 8 d tothe relative humidity was 94 ±6%. The mean control 1..chamber temperature was 77±2*F (25.0±1.6 0 C) 15.3.

and the relative humidity was 98_+ 2%. The alveolar macrophages also increased slightly,
Animals were sacrificed after exposure for 2, 4, 5*, from 0.5 at 2 d to 2.8 at 8 d.

and 8 d. Thirty minutes before sacrifice, the animals Cells in the alveolar walls increased from 10.1 at 2 dwere i ty intraperitoneally with tritiated thymidine to 20.0 at 5 d and 57.2 at 8 d. The large increases werewere injctedo o ntrpigtoneaody wihritte. Athyciie due to more labeled agranular leucocytes and endothelial*at a dose of I pCi/g of body weight. At sacrifice the cel.Teirasdnmrofabedelsperdlungs were fixed, infiltrated, and then embedded flat i ancells. The increased number of labeled cells appearedBeem capsules. The tissue was processed. for auto- randomly distributed throughout the alveoli.radiography and histopathological evaluations.
DISCUSSION

RESULTS The results of this study show aT, increase in cell
labeling by 5 d for 80% 02 but not for 60%. The in-Morphology crease in cell labeling at 4 to 5 d in the present 80%60 and 80% 02 Exposure: Exposure of squirrel 02 exposure study was also demonstrated in a previousmonkeys to 60% 02 for up to 8 d is associated with study using higher concentrations of oxygen (9). Thminimal and variable morphological changes. Hyperemia principal multiplying cells were Type 2 cells and edo-and slight edema was observed in lung sections from prniamutlygceswreTe2clsaded-athelial cells. The purpose of their multiplication is be-the 2-d exposed monkeys, slight serofibrinous pleural lieved to be repair of damaged tissues (7). This waseffusion in 4-d exposed animals, and, in both the ex- recently confirmed by Adamson and Bowden in mice* posed and control group monkeys at 8 d, hyperemia during recovery from exposure to oxygen (1). Severaland slight edema. These findings were considered in- other papers concerning the pathogenesis of oxygenconsequential. toxicity reported hyperplasia of alveolar cells in animalsExposure of squirrel monkeys to 80% O2 atmos- exposed to oxygen for more than 5 d (2,4,10). The
concept of tissue repair during continuous exposure tohigh concentrations of oxygen is well illustrated in the

*Animals sacrificed at 5 d were exposed for 4 d, then allowed paper by Kapanci, et al (11 ). In this study they foundto breathe ambient air for a 24-h "recovery" period prior to evidence of Type 1 cell damage in lungs of monkeysnecropsy. after 3 d of exposure to 02. The damaged cells then
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TABLE L LABELING INDEX Of ALVEOLAR TISSUE DURING EXPOSURE TO 60% Os.

Time in Type 2 Alveolar Cals in
60% 0 Cells Mean pO Macrophas Mean pe Alveolar Waills Mean p"

2d 1.0 03 5.0
0.3 0.5 N.S. 0 04 N.S. 2.6 3.2 N.S.
0.7 1. 1.8

0 . 0.3 3.4
4 d 0.6 0 2A

3.7 1.6 N.S 0.6 0.5 N.S. 4.3 29 NS.
1.0 0.3 3.1
1.0 . 1.0 1.9

8 d 0.6 1.3 0.6 N.S. 5.1
1.0 06 N.S. 0 2.9 5.7 N.

0 1.0 10.7
0.6 0.3 . 4.0

Controls
2 d 1.0 0.6 2.1

0.3 0 3.0
0.8 0.4 2.6

8 d 0 0.3 2.6
1.7 0.6 2.0

*Each experimental day vs. combined controls; Mann-Whitney U (nonparametric) test was used.

TABLE II. LABELING INDEX OF ALVEOLAR TISSUE DURING EXPOSURE TO 80% 02.

Time in Type 2 Alveolar Cells in
80% 02 Cells Mean p$ Macrophages Mean po Alveolar Walls Mean p4

2 d** .7 .7 11.1
3.6 1.5 .058 .4 .5 N.S. 8.9 10.1 N.S.
.9 .6 6.2

1.0 .3 14.0
4 de e  .4 0 10.4

3.7 .7 8.0
2.5 1.7 N.S. 1.2 .5 N.S. 11.3 8.2 N.S.

0 .3 3.1
5 d" .8 0 10.7

6.4 1.7 24.6
5.2 4.1 .028 2.9 1.4 NS. 24.5 20.0 .028

' 3.8 1.2 20.2
d* e  6.1 3.2 77.S

34.0 15.3 .028 4.0 2.8 .058 85.8 57.2 .028
10.3 1.3 45.5
10.6 2.8 20.0

Controls

4 d 0 1.5 10.2
.3 .3 .3 .5 4.3 5.1
0 .3 2.2
.7 0 5.7

3 d .4 .4 7.4
2.2 .7 1.9 .6 11.3 5.7

0 0 2.0
0 0 2.0

*Each experimental day vs. control; Mann-Witney U (nonparametric) test was used.
e 'vs. 4-d control

"'vi 8d control

/ 4 appeared to be sloughed off. After 7 d of continuous The present 80% 02 exposure study illustrates that
exposure, the damaged areas appeared to be replaced multiplication of Type 2 cells begins after 4 to 5 d ex-
by a cuboidal epithelium composed of Type 2 cells. posure. Presumably, this activity would result in the
Additional papers (2,8) employing different species, hyperplasia observed at 8 d. An additional factor asso-
have confirmed the morphological findings of Kapanci, ciated with increased Type 2 cell division may be the
el at(11). development of tolerance in the animal. In a study by

Aviation, Space. and Environmental Medcine * June. 1975 793
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Evans, et al., using rats exposed continuously to 15 as judged by symptoms and changes in vital capac-
ppm NO 2, it was found that when Type 1 cells were ity (3), suggest that the squirrel monkey can be a useful
damaged, Type 2 cell proliferation occurred, reaching a animal model for predicting effects in man.
peak at about 3 d and then returning to normal despite
continuous exposure (6). This demonstrates that the REFERENCES
tissues developed some tolerance to the NO. It is 1. Adamson, 1. Y. R., and D. H. Bowden. 1974. The Type 2
well known that animals may develop tolerance to cell as progenitor of alveolar epithelial regeneration. A
oxygen; and the lesions reported during this process cytodynamic study in mice after exposure to oxygen. Lab.
are similar to those for animals exposed to NO2, Invest. 30:35-42.
namely, Type I cell damage followed by Type 2 cell 2. Bowden, D. R. and I. Y. R. Adamson. 1971. Reparative

changes following pulmonary cell injury: Ultrastructural,hyperplasia. Thus, the same sort of phenomena may cytodynamic and surfactant studies in mice after oxygen
occur. Studies to determine the proliferative response exposure. Arch. Pathol. 92:279-283.
during the development of tolerance to 02 are cur- 3. Clark, J. M. and C. J. Lambertsen. 1971. Pulmonary oxygen
rently being carried out.** toxicity: A review. Pharmacol. Rev. 23:37-133.

In the 60% 02 exposure study, there appeared to 4. Evans, M. J., J. D. Hackney, and R. F. Bilt 1969. Effectsof a high concentration of oxygen on cell renewal in the
be no difference in labeling index due to exposure to pulmonary alveoli. Aerospace Med. 40:1365-1368.
60% 02 for 8 d. These findings are different from 5. Evans, M. I., and 1. D. Hackney. 1972. Cell proliferation in
those we reported for mice exposed to 60% 02 for lungs of mice exposed to elevated concentrations of oxy-
10 d (5), in which we showed a depression in the label- gen. Aerospace Med. 43:620-622.

index during the first 2 d of exposure. However, .Evans, M. J., R. J. Stephens, L. J. Cabral, and G. Freeman.ing i1972. Cell renewal in the lungs of rats exposed to low
after this time, the labeling index returned to normal levels of NO. Arch. Environ. Health 24:180-188.
and the results were similar. 7. Evans, M. 1., L. J. Cabral, R. J. Stephens, and G. Fieeman.

There is agreement between the histopathology and 1973. Renewal of alveolar epithelium in the rat following
exposure to NO 2 . Am. ). Pathol. 70:175-198.cell turnover findings for the 80% 02 exposure ex- 8. Gould, V. E., R. Tosco, R. F. Wheelis, N. S. Gould, and

periments in squirrel monkeys.** Agreement between Y. Kapanci. 1972. Oxygen pneumonitis in man. Ultra-
these methods was also reasonable for the 60% 02 structural observations on the development of alveolar
and 100% 02 exposure experiments in squirrel mon- lesions. Lab. Invest. 26:499-508.
keys.** 9. Hackney, J. D., and M. J. Evans. 1975. Effects of 100 per-

cent oxygen on cell division in lung alveoli of squirrel
Taken together, these findings of little if any effect monkeys. Aerospace Med. (in press).

at 60% and a definite effect at 80 and 100% provide a 10. Haugaard, N. 1968. Cellular mechanism of oxygen toxicity.
convincing dose response relationship for 02 exposure Physiol. Rev. 48:311-373.
in the squirrel monkey. Comparison with estimates of 11. Kapanci, Y., E. R. Weibel, H. P. Kaplan, and F. R. Robin-

son. 1969. Pathogenesis and reversibility of pulmonarydose-rconse eftets in man for 60, 80 and 100% 02, lesions of oxygen toxicity in monkeys. I. Ultrastructural
and morphometric studies. Lab. Invest. 20:101-118.

12. Thiede, F. C., W. S. Linn, W. House, C. Spier, and J. D.**Christie, B. R., J. D. Hackney, and M. I. Evans. Dose response Hackney. 1974. Animal atmospheric exposure chamber
effects of 60, 80 and 100% oxygen on lung structure and cell system using a modified tank respirator. Am. Ind. Hyg.
division in squirrel monkeys. (In preparation) Assoc. 1. 35:370-373.
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Effects of Oxygen at High Concentrations and Food Deprivation
on Cell Division in Lung Alveoli of Mice'
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Cell division is inhibited by exposure of mice to high oxygen (0). Because the
exposed animals consume less food, relative to controls, a question arose about the
effect of food deprivation per se on cell division. The purpose of this project was to
compare the cell division in lung alveoli of animals: breathing air (A), exposed to

1 . high 02 (0), deprived of food (D), and exposed to high O plus deprived of food
* (OD). Swiss-Webster mice were divided into four equal groups: A, 0, D, and OD.

Animals from each group were sacrificed daily from 0-5 days. Cells synthesizing DNA
and preparing to divide were labeled with tritiated thymidine. Labeled cells were
visualized with autoradiography, counted with the light microscope, and expressed
as a labeling index. Groups 0 and D showed statistically similar progressive decreases
in cell labeling. Regression analysis testing for differences in trends showed that the
combined data from groups 0 and D differed significantly from both the group A
cell labeling, which did not decrease over 5 days, and the group OD cell labeling,
which decreased dramatically. Generally similar results were found for body weight
changes in the respective groups. These results show that: (1) Complete food depri-
vation with weight loss causes a decrease in the number of cells synthesizing DNA;
(2) exposure to high 0X causes a decrease in DNA synthesis, sniilar to that seen
with food-deprivation weight loss; (3) exposure to high 0- results in a decreased
food intake and produces about the same weight loss as complete food deprivation;
and (4) complete food deprivation of high-OL-exposed mice produces inore weight
loss and decreases DNA synthesis even more. Thus, to the extent that it occurs, the
decreased-food-associated weight loss during exposure to high O is a principal
factor in decreasing DNA synthesis.

INTRODUCTION

During the first day of exposure to high concentrations of oxygen (O2), the
normal rate of cell division in the lung is decreased (Evans et al., 1969). In ani-
mals that survive the initial exposure to 02 or in those exposed to a lower con-
centration, cell division resumes after about 5 days (Evans et al., 1972; Northway
et al., 1972; Adamson and Bowden, 1974; Hackney et a!., 1975). The relationship

1 This work was supported by Grant NHLI HL-15098, National Heart and Lung Institute,
and by Contract ONR N00014-70-C-0306, Office of Naval Research.

2 Send reprint requests to Jack D. Hackney, M.D., Chief, Environmental Health Service,
Room 51, Medical Science Building, Rancho Los Amigos, Hospital, 7601 East Imperial
Highway, Downey, Calif. 90242.
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351 HACKNEY ET AL.

of early depression in cell division to the pathogenesis of 0, toxicity may occur
through retardation of the normal repair processes in the lung. Exposure to
elevated concentrations of 02 causes damage to cells of the bronchiolar and
alveolar epithelium. The principal bronchiolar cell damaged by 02 is the ciliated
cell (Ludwin et a., 1974). In the alveoli, type 1 cells and endothelial cells are
the main cell types damaged (Pratt, 1974). Death of animals exposed to 02 is
usually associated with pulmonary edema. The mechanisms for repair of injured
pulmonary tissues have only recently been described. In the bronchioles it was
shown that nonciliated cells may divide and become ciliated cells following
injury to ciliated cells (Evans et al., 1977). In the alveoli, repair of damaged
type 1 cell epithelium occurs through proliferation of type 2 cells and their
subsequent differentiation into type 1 cells (Evans et al., 1973, 1975; Adamson
and Bowden, 1974). The mechanism for repair of damaged eudothelium has not
been described; however, it probably occurs through proliferation of endothelial
cells (Bowden and Adamson, 1974). Thus, inhibition of cell division in the lung
would also inhibit the repair process.

Although cell division is inhibited in the lungs of animals exposed to 02, it is
not known whether this is a direct eflect of 02 on the cells or an indirect one.
Studies in vitro have shown that a variety of metabolic processes, including DNA
synthesis, are inhibited during exposure to 0,, indicating that 0 can act directly
on the cell (laugaard, 1968). However, in the intact animal, other factors such
as increased stress hormones and starvation also decrease cell division (Bullough,
1965; Stirling et al., 1973). In animals exposed to 0., the adrenocortical response
increases progressively in parallel with the severity of pulmonary 02 toxicity
(Clark and Lambertsen, 1971). Also, it has been noted (Leon et al., 1971) that
animals exposed to high 02 eat less and lose weight; thus, both increased adreno-
cortical responses and decreased food intake could be factors associated with
the depressed rate of cell division during exposure to 02. The purpose of the
present study was to determine whether decreased food intake is associated
with a decrease in cell division. If so, this would suggest that supplementary
nutritional intervention could modify or delay some of the adverse effects of
breathing high oxygen.

METHODS
Previously described animal chambers were used for these studies (Hackney

et al., 1975). Temperature and humidity were monitored within both control
and exposure chambers. Oxygen concentration within the exposure chamber
was monitored with a Beckman E-2 0. analyzer. Oxygen was introduced into
the exposure chamber from two manifolds, each with a flow rate of approxi-
mately 15 liter/min. Compressed room air was introduced into the other
chamber. The daily environmental conditions during both experiments and in
both control and exposure chambers were similar (mean ± SE): Temperature
was 74 ± 3°F and relative humidity was 57 ± 4%. The average daily 02 con-
centration in the exposure chamber during both experiments was 94 ± 1 %.

Experiment I-Cell Division

Seventy two Swiss-Webster mice (Charles River, Wilmington, Mass.), ap-
proximately 3 months old and pathogen free, were divided into two groups of
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36. Thirty six of these auimals were subdivided into two groups of 18 each,
those with food and water and those with water otly. Both groups of 18 were
then exposed to a high coiacentration of OQ for 5 days. The remaining 36 animals
were subdivided into two groups as just described, placed within a similar
chamber, and exposed to room air for 5 days.

Three animals from each of the four groups, high 0., exposed (0), deprived
of food and exposed to high 0, (01)), control air breathing (A), and food
deprived, air breathing (D), were sacrificed at 0, 1, 2, 3, 4, aiid 5 days. One hour
before sacrifice, the mice were remioved from the chambers, injected intra-
peritoneally with 100 1LCi of tritiated thymidine (['11]Td11; sp act, 6.7 Ci/nmole;
Biochemical and Nuclear Corp.), and rettrned to the chambers. The animals
were sacrificed by cervical separation I hr after injection; the lungs were can-
uulated and instilled with 1% osmium tetroxide (OS04), buffered at pH 7.4
with Veronal-acetate buffer with 7.5% sucrose. The trachea was then ligated,

. and the lungs were removed and placed in a vial of buffered OsO for 45 mil.
The tissue was sliced longitudinally and washed in three changes of Veronal-
acetate buffer. After washing, the tissue was dehydrated in a graded series of
ethanol-water mixtures and then passed through propylene oxide to a mixture of
Araldite-propylene oxide, after which the tissue was infiltrated for 24 hr in
Araldite.

TABLE I

Total Labeling iadexe.'

Time Air-breathiog Air-ir.athing sXy gelk-expz"4 Oxyegl-exio
M

Ae~
(.I: , s) control grup A (i01 deprived group I) (iij group 0 (ii) deprirel group (O1) (iii)

Animl TLI/ 1000. Animal "rl.1/1000 Ain.imal TLI., 300 Anihu+l 21.-/ O00
hu-lll e r I|u I U|,v r U lm le r jiu m b e r

0 140 14.0 (1 -. 5y 1.12 0.5 (13.11) 14,1 16.2 (-1.5) 143 22.3 (16.1)
14. 16.3 146 11.2 145 NI. 4 14 3 .
14 13.3: I 5 0.(1 149 12 7 .51 14.

1 152 11.4 (13.4) 154 15-) V 4.5 (8.0) 13 25.5 (13.5)

1I XL 153 13.3 Is? 10.0 59 3.0
1 ,00 1,.1 1-12 13.0 11 0.1 13 12.0

101 12.8 (:13.9) 1W61 N1 (4.0) 10, 32 (6.4) 167 0 (0.7)
168 20.0 170 3.0 169 - 171 1.0
172 8.8 174 5.0 17:1 90 175 1.0

176 18.0 (1-1.) 178 4.5 (2.7) 177 1. (4.4) 179 I)'01.3)

fM0 13.3 182 25 181 5.0 183 0
: S4 3.5 1 -. 1.0 185 6.7 187 0.,5

4 18 34.0(1.1.3) 190 2.8 (4.7) 189 9.5 (5.9) 191 0.5
1102 11.9 19.1 10.8 3I3 1.1 195 D

10 17.0 195 0.5 117 7.0 191 1

5 200 15.1(17.2) 202 1.0 (3.7) 201 INI 203 1)
204 25.5 206 0.5 20 1.A 2037 1)
2 0W 10.6 210 3.5 20J 1) 211 1)

* Lower-eslqe Rtontan letters within pnrenthree indieate significant differene+ betsern groups. GrouPs Iabeled
with the maine letter are not signifirantly different, e.g., ii and ii. (roul. lableld with different letters are signiflrantlr
different (P < 0.05). e.g.. i. ii. and ;ii.

6 TI,1 I000, total lileling indthx per 1000 cells ciuitel.
3li'ni yiesIiI,, ar Riei in pikrenth*,-.s
XNL, not I.l hId.
M D. dead.
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TABLE 11

Food Consumption

Group A Weight (gin)-

Day I Day 2 Day 3 Day 4 Day 5 Total

A 88.8 84.2 77.0 65.2 70.2 385.4
0 58.3 33.2 17.3 12.6 4.0' 125.4

N - 18 except where indicated otherwise.
6N 1 3.

After complete infiltration, the tissue slices were removed from the Araldite
and placed on a large glass slide under a dissecting microscope, where selected
units containing a terminal bronchiole, a respiratory bronchiole, and an alveolar
duct were dissected out and embedded flat in Beem capsules, size 00. The cap-
sules were polymerized in an oven at 60°C for approximately 17 hr.

One-micron sections were cut and prepared for light microscopic auto-
radiography. After 6 weeks of exposure, the autoradiographs were developed
and stained with toluidine blue. The sections were studied under the light micro-

scope, and approximately 3000 cells were counted from each animal. Examples
of labeled cells and of the areas of tissue counted have been presented in other
papers (Evans et al., 1972, 1973). The number of labeled type 2 cells, alveolar
macrophages, and cells in the alveolar wall (this last group made up mainly
of leukocytes in the capillaries and endothelial cells) were determined. The
labeling index (LI) was presented as labeled cells per 1000 alveolar cells
counted (Evans et al., 1972).

Experiment 2-lVeight Loss

The grouping process was like that in experiment 1. Seventy two Swiss-
Webster mice (Charles River), approximately 3 months old and pathogen free,
were divided into two groups of 36. Thirty six of these animals were sub-
divided into two groups of 18 each, those with food and water and those with
water only. Both groups of 18 were then exposed to a high concentration of 02

TABLE II

Water Consumnption

Group A Weight (grn)-

Day 1 Day 2 Day 3 Day 4 I)ay 5 Total

A 126.4 127.1 115.6 104.2 102.6 575.9
D 117.1 110.4 80.5 80.4' 54.61 443.0
0 5.4 52.3 42.2 31.1 11.01 232.0
OD 72.3 29.7 23.9 8.6 - 134.5

* N = 18 except where indicated otherwi..
N = 16.

9N = 14.
N - 13.
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for 5 days. The remaining 36 animals were subdivided into two groups, as de-
scribed above, placed in a similar chamber, and exposed to room air.

At the same time each day, each of the animals was placed in a beaker and
carefully weighed on a Sartorius Kilomat III precision balance. Likewise, all food
and water were weighed daily and recorded. As food and water levels decreased,
the supply was replenished and weighed. At the conclusion of the 5-day ex-
posure period, each animal was weighed and sacrificed, and the lungs were
removed for examination. The remaining food and water were also weighed.

During the experiments, some animals died spontaneously and these are
indicated in Tables I, II, and II.

RESULTS

General Observations

Control (A) and food-deprived air-breathing mice (D) had normal-appearing
lungs. In the mice exposed to high 02 (0), the lungs became dark and hemor-
rhagic (liver-like) by the fifth day. In the mice deprived of food and exposed
to high 02 (OD), the lungs were dark and hemorrhagic (liver-like) by the
fourth day. In addition, these mice were thin and several had died by the fourth
day.

Labeling Indexes

The LIs for the four groups of mice are presented in Table I and summarized
in Fig. 1. The total LIs are presented because the main effect was decreased
labeling and no differences in response were seen among the different cell types.
On Day 0 (see Fig. 1) groups A, D, and 0 all had about the same LI; group
OD had a slightly higher mean. On the first day of exposure all four groups
exhibited a decrease in labeled cells per 1000. On succeeding exposure days the
LI of group A appeared to increase, whereas that of the other groups decreased
on the average.

In order to comparc the trends of the four groups to locate any significant
differences, linear regression analyses were performed. The LI trend of the

I LABEIJNG INDEXES VS DAYS
• 20-

8 e 1 4 - . o.. ... ... .." . .
~12-! 10o

~0 _ _ _ _ _4''-'

DAYS

* Fim. I. Mean total labeling indexes from groups of mice studied for up to 5 days. Control
(A), 0 ... 0; food deprived (D), ....... ; 100% oxygen exposed (0), A- A;
100% 0. exposed and food deprived (OD), 0 - - - 0. Asterisk indicates that groups 0 and
D art statistically similar.
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WEIGHT CHANGE VS DAYS

..................................................... .... .........

-3-

-.4

Symlmlsare sam"as forFig. 1

ic.2.ro ea crumulA)iv weighiicanly (gi)ereftgro ta of altuie fotr roupdas

(P < 0.001). Groups were compared to the OD group on Days 0 through 4,
since by the fifth day all OD animals had died. Thle trends of groups 0 and OD
were statistically different (P < 0.0"25), whereas the trends of the deprived
groups D and OD wvere marginally statistically different (0.05 < P <0.1).
Linear trend analysis of pooled data from statistically similar groups 0 and D

• compared with data from group OD was significantly different (P < 0.05).

Cmatie Weight Loss

i A decrease in food intake will depress DNA synthesis in the tissues of mice.
i Since mice exposd to high O., tend to cat less, it is possible that the decreases

?: in cell laeling observed during exposure to high. 02 were also caused by a lack
of food. To help clariy the results from the labeling experiment, another experi-
ment was undertaken to determnine the wveight loss in mice deprived of food and
in those exposd to high O,,. The animals were weighed each day for 5 days

f ~and the average cumulative weight loss wvas determined. These results are sum-
marized in Fig. 2. Control mice (A) maintained about the same we'ight through

• the 5 days studied. The other three groups exhibited an approximately linear

f ~decrease in wveight loss over the 5-day period. lIn order to test for differnces of
cumulative weight loss between the four groups and betwveen the consecutive
days, a two-factor, repeated-measures analysis of variance wa's performed. Since
the groups and the days were each significantly different at the 0.05 level, the
Newman.-Kenls contrast procedure was performed on all pairwise comparisons.
Group 0 was not significantly different from group D in mean cumulative weight
losses. All other pairwise group comparisons were different at the 0.05 level
In regard to daily mean cumulative weight loss, there was a significant decreaseI. in weight from one day to the next when averaging over all groups.

~Food consumption for the cotrol group (A) and group 0 is presented in
' ! Table II. During the 5 days of testing, the control group (A) had a slight de-
I crease in the amount of food consumed. In group , a 34.4% decrease in food

" intake occurred on the first day of exposure. Decreased food intake continued

so that by the fifth day it was 92.1% (corrected for the number of animals

L, -28-
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remaining in the two groups by the fifth day) less than that consumed by the
controls. Water consumption decreased consistently in all three experimental
groups (Table 1i1). The greatest decrease was in the two groups exposed to
high 02-. Water was equally available to all groups.

DISCUSSION

In the present study, cell division (as measured by ['H]TdR labeling indexes),
weight loss, and food and water consumption were compared between groups of
mice exposed to: air (A), air and deprived of food (D), high 02 (0), high 02
and deprived of food (OD). Groups D and 0 showed statistically similar pro-
gressive decreases in cell labeling and weight loss. Group OD bad even greater
decreases. Mice exposed to high 02 had a decreased rate of food intake. These
results show that:

Complete food deprivation with weight loss causes a decrease in the number
of cells synthesizing DNA.

Exposure to high 02 causes a decrease in DNA synthesis, similar to that seen
with food deprivation.

Exposure to high 0, results in a decreased food intake and produces about
the same weight loss as complete food deprivation.

Complete food deprivation of high-O.-exposed mice produces more weight
loss and decreases DNA synthesis even more.

Thus, to the extent that it occurs a decreased-food-associated weight loss during
exposure to high 0., is a principal factor in decreasing DNA synthesis.

The role that decreased food intake has in decreasing DNA synthesis may have
many facets. Stirling et al. (1973) showed that food deprivation inhibited cell
proliferation in regenerating liver. A few of the possible mechanisms were:
(1) deficiency of RNA and protein synthesis, (2) decreased caloric intake, and
(3) activation of stress pathways. In their studies, they concluded that protein
deficiency was tho most important inhibitory effect from food deprivation.

In the lung, Gacad et al. (1972) showed that food deprivation caused a
decrease in protein synthesis. Since mice exposed to 02 have a decreased food
intake and concurrent weight loss, it may be concluded that they also have a
decrease in protein synthesis. In support of this concept, Bieber et al. (1971)
showed that ribosome synthesis (and presumably protein synthesis also) was
affected in newborn guinea pig hng exposed to 100% 02. Since protein syn-
thesis is necessary for DNA synthesis, its decrease during exposure to 100%
02 may be the principal factor causing the decrease in DNA synthesis.

Thie reason mice deprived of food and exposed to 02 had a greater decrease
in DNA synthesis than mice in either group alone is probably the direct 02-
inhibitory action on the cell as mentioned earlier. Since the weight changes in
Or-exposed and food-deprived unexposed mice were about the same, but the
0 2-exposed mice continued to consume some food and water, the relative contri-
bution of 02 exposure versus food deprivation in this group (0) cannot be
quantitated.

The reason for decreased food intake during exposure to high O is not
known. Besides the abovc-nmentioned effects on decreasing DNA synthesis, an-
other effect may be nutritional deficiencies in the cells (antioxidant levels)
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resulting in a decreased ability of the cells to withstand injury by 02. The time

course of 02 -induced injury to lung cells supports this concept. Visible injury to
lung cells is not observed until the third day of exposure. The present study
shows that by this time there is a large decrease in the amount of food consumed,
and, presumably, also in dietary ajtioxidants. Supplementation of dietary anti-
oxidants before exposure to 0.2 has been shown to afford some protection against

0.. toxicity (Schatte and Swansinger, 1976). However, additional studies of
enforced food intake during exposure to Q. are needed to clarify this question.

Also, if animals survive the initial 5 days of exposure, proliferation of cells
begins and the animals will probably survive. Although Northway et at. (1976)
reported a lack of weight gain in paired litter-mate newborn mice exposed to

100%0 02, and they suggested that this was probably due to diminished food
intake, weight change or food consumption have not usually been documented
in studies of this sort so their roles are not known. However, proliferation follow-
ing cellular injury by O occurs in the same manner as that reported for ozone

1 and nitrogen dioxide. This suggests that either the stimulus for repair-initiated
proliferation is strong under these conditions or improved food consmunption
occurs. It is possible that both are involved. Forced-feeding studies are cur-
rently underway in this laboratory to help clarify these last questions.
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* ABSTRACT

The main purpose of the present study was to determine if high concentrations

of oxygen (02) would inhibit cell division in alveoli undergoing reparative

regeneration following injury by ozone (03). Mice were exposed to 2.5 ppm, 03

for six hours to injure the alveolar epithelium. Groups of animals were then

allowed to recover in 20%..02 with and without food, 40%, 61%, 80%, and 95% 0?

with food.. At daily intervals, the mice were injected with tritiated thymictine

to label cells preparing to divide, and sacrificed one hour later. Lung tissue

was prepared for light microscopic autoradiography and the proportion of

labeled cells determined. In mice exposed to 0O31 type 1 epithelium is injured

and type 2 cells proliferate in order to repair the damage. Mice allowed to

recover in 20% 0.with and without food, arnd in 40% 02, had a maximum Proliferation

of type 2 cells (about eight times control) on the second day of recovery. By

the fourth day, repair seemed to be complete and labeling indexes had returned

to normal. In mice allowed to recover in 61%, 80%, and 95% 021 type 2 cell

proliferation was less than control on the second day and did not increase

during four days of recovery. Electron microscopy of the tissue showed type 1

epithelium had not been replaced. It was concluded that concentrations of

*02 at 61% and higher inhibit reparative cell division in 0 3-damaged alveoli

of mice.
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INTRODUCTION

During the first day of exposure to high concentrations of oxygen (0Z)

the normal rate of cell division in the lung is decreased (1). In animals

that survive the initial exposure to 02 or in those exposed to lower concen-

trations, cell division resumes after about five days (2-5). Although cell

division is inhibited in the lungs of animals exposed to 0., it is not known

whether this is a direct effect of 02 or an indirect one. Studies in vitro

have shown that a variety of metabolic processes, including DNA synthesis,

are inhibited during exposure to 02,' indicating that 02 can act directly on

the cell (6). However, in the intact animal, other factors such as increased

stress hormones and starvaltion also decrease cell division (7,8). In animals

expsedto 29 it has been noted that they eat less and lose weight (9).

Recently Hackney et al. (.10) showed that air-breathing mice deprived of food

had weight loss and depression in DNA synthesis similar to that in mice

exposed -to 100 percent 02. This indicates that indirect factors are associated

with the depression of DNA synthesis observed in mice exposed to high 02'

In animals that survive exposure to high concentrations of 02,

proliferation of cells begins and the tissue is repaired (4). This suggests

that either the stimulus for repair-initiated proliferation is strong, improved

food consumption occurs, or the cells adapt in some way to the 02. Recently

Witschi and Cote (.11) showed in mouse lung damaged by butylated hydroxytoluene

(BHT) that DNA synthesis for repair was inhibited by high concentrations of 02.

In this study DNA synthesis was measured biochemically and itwas not determined

which cell types were involved. Because weight changes were not taken, it

was not known if food consumption was a factor in the decreased rate of DNA

synthesis. The purpose of the present study was to determine: (.M if Type 2

cell proliferation induced by ozone (.03) injury of the lung could be inhibited

by high 0., and (.2) if decreased food consumption was a factor.
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METHODS

Previously described exposure facilities were used for these studies (5).

Temperature and humidity were monitored within both control and exposure

chambers. Ozone was generated from dried filtered air by high voltage discharge.

The concentration was determined by ultraviolet radiation absorption (Dasibi

1003-AU Ozone Meter) calibrated according to the neutral buffered potassium

iodide method. Oxygen concentration within the chambers was monitored by an

oxygen analyzer (S-3A Applied Electrochemistry Inc.).

A total of 104 Swiss-Webster male mice (Charles River, Wilmington, Mass.)

approximately three months of age and pathogen free were used for this study.

Initially four animals were selected at random and sacrificed for quality

control (zero day pre 03 control), while the remaining animals were weighed

and randomly placed into one of six groups. The mean and standard deviation

for frequent measurement of percent 02 during the experiment are given in

parentheses following'the designation for each group--Group I: Room Air Control

(19.8 * 0.4), Group II: Room Air Deprived (19.8 ± 0.4), Group I1: 40 percent

oxygen (39.5 ± 1.4), Group IV: 61 percent oxygen (60.8 ± 1.5), Group V: 80

percent oxygen (80.9 ± 3.3), Group VI: 95 percent oxygen (94.7 ± 0.9). Group I

consisted of 20 animals and the remaining five groups consisted of 16 animals

each. All groups were exposed to 2.5 ppm 03 for-six hours, after which they

were removed from the 03 and placed within their respective exposure chambers

for the remaining four days. Four animals from Group I were sacrificed

immediately post ozone exposure (zero day post 03 control). At daily intervals

four mice from each group were injected with tritiated thymidine (3H-TdR) to

label cells preparing to divide, and sacrificed one hour'later by an'overdose

of Sodium'Pentobarbital injected peritoneally; the lungs were cannulated and

infiltrated with 2 percent Gluteraldehyde. The trachea was then ligated and

the lungs were removed. After one hour's fixation the lungs were washed tn
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Sodium Cacodylate buffer, sliced, rinsed in buffer, then placed in a vial of

buffered OsO4 for 45 minutes. The tissue was then washed in three changes of

Sodium Cacodylate buffer. After washing, the tissue was dehydrated in a

graded series of ethanol-water mixtures and then passed through propylene

oxide to a mixture of Epon-Araldite-propylene oxide, after which the tissue

was infiltrated for 24 hours in Epon-Araldite (Anderson's mixture).

After complete infiltration, the tissue slices were removed from the Epon-

Araldite and placed on a large glass slide under a dissecting microscope where

selected units containing a terminal bronchiole, a respiratory bronchiole, and

an alveolar duct were dissected out and embedded flat in Beem capsules, size 00.

The capsules were polymerized in an oven at 600C for approximately 48 hours.

One-micron sections were cut and-prepared for light microscopic auto-

radiography. After six weeks of exposure, the autoradiographs were developed

and stained with toluidine blue. The sections were studied tinder the light

microscope, and approximately 2000 cells were counted from each animal.

Examples of labeled cells and of the areas of tissue counted have been presented

in other papers (12, 13). The number of labeled type 2 cells, alveolar

macrophages, and cells in the alveolar wall (this last group made up mainly

of leukocytes in the capillaries and endothelial cells) were determined. The

labeling index (LI) was presented as labeled cells per 1000 alveolar cells

counted (12).
I

Just before sacrifice, at the same time each day, each of the animals was

placed on a Onaus Triple Beam Animal Balance and carefully weighed. Likewise,

all food and water were weighed daily and recorded. As food and water levels

' .decreased, the supply was replenished and weighed.
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RESULTS

General Observations

Control and 03 exposed mice recovering in 20 percent 02 with and without

food and those recovering in 40 percent 02 with food had normal appearing

lungs. In mice exposed to 03 and recovering in 95 percent 02, the lungs

had become dark and hemorrhage by the third day.

Labeling Indexes

The Lls of type 2 cells, alveolar macrophages, and renaining cell types

for the six groups of mice are presented in Table 1. Type 2 cell labeling

indexes represent the ability to repair damaged type 1 epithelium (.13,14).

In experimental groups I - III, the type 2 cell LI reached a peak on the

second day of recovery and declined to control levels on the third and fourth

day (Fig. 1). This represents a typical response for repair of dan)agedI'
type 1 epithelium (15). In groups IV - VI, the type 2 cell labeling index was

depressed throughout the four days of recovery, indicating that proliferation

for repair of type 1 cell damage had not occurred (Fig. 1).

Alveolar macrophage labeling indexes were similar to controls in groups

I and VI during the four days of recovery. In the remaini.ng experi'mcnts the

LI was elevated above controls after one day of recovery but were significantly

different from controls only in group IV. In all groups the labeling indexes

were similar to controls from the second to fourth day of recovery.

The labeling index of cells in the alveolar walls represent all other cell

types in the alveoli that have incorporated 3H-TdR. The patterns of labeling

indexes during the four days of recovery were generally similar among the

exposure and control groups.
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Weight Change

The weight change for animals in groups I -VI are sunmmarized in Figure 2.

In groups I, 111 - V there was no change from controls. *In groups 11 and VI.

a steady weight loss occurred that was significantly different from controls

and days one - four for group II, and two - four for group VI.

DISCUSSION

in the alveoli of mice exposed to low concentrations of 03 damage is

confined mainly to type 1 epithelium (15). Following the injury, type 2 cells

proliferate and differentiate intotype 1 cells to repair-the damaged epithelium.

Proliferation of other cells also occurs but its significance is not completely

understood. This discussion will deal only with proliferation of type 2 cells.

The proliferative response of type 2 cells in mice exposed to 03 and

allowed to recover in 20 percent oxygen with food was similar to that reported

previously (15). Mice recovering from 0 3 injury in 20 percent oxygen without'

food and those recovering in 40 percent oxygen with food also had a normal

type 2 cell proliferative response. These data indicate that lack of food or

40 percent oxygen did not inhibit type 2 cell division associated with repair

of damaged type 1 epithelium.

* In mice recovering from 03 injury in 61, 80, and 95 percent oxygen, type 2

cell proliferation was inhibited during the four days of recovery.. In mice

recovering in 95 percent 02 there was a weight loss comparable to mice deprived

of food, confirming a previous observation (10). Mice recovering in 61 and 80

percent oxygen exhibited no weight changes. Because 61 and 80 percent oxygen

inhibit type 2 cell division without weight loss, and in mice deprived of food

* and exhibiting a weight loss there was no such inhibition, we conclude that

oxygen per se in the concentrations of 61, 80, and 95 percent acts on type 2

cells to inhibit cell division.
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The results obtained here are similar to the findings of Witchi and Cote

(11). They reported inhibition of total lung DNA synthesis in mice injured by

butylated hydroxytoluene (BHT) and allowed to recover in 60, 80 and 100 percent

oxygen. In mice recovering in 40 percent oxygen DNA synthesis was not*

significantly inhibited. Our observations confirm their tentative conclusion

that dividing epithelial cells are sensitive to the toxic effects of oxygen.

The results obtained by ourselves and those of Witchi and Cote (ill) may

* be of practical importance. It is clear that concentrations of oxygen as low

as 60 percent could inhibit the repair processes in the lung following acute'

* lung injury. This could lead to lethal pulmonary edema such as that demonstrated

* in aging rats exposed to MO2 in which the onset of type 2 cell proliferation

was delayed one day (16). Also it has been suggested that inhibition of

epithelial cell division associated with repair may lead to fibrosis (17).

A large number of toxic agents cause injury to type 1 epitheliumi followed by

type 2 cell proliferation (18). Understanding factors associated with control

of reparative cell proliferation in the lung, particularly the identification

of agents that inhibit this process, would be of importance in the treatment

of such injury.
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Table 1

LABELING INDEXES FROM MICE EXPOSED TO.OZONE AND ALLOWED TO RECOVER

UNDER VARIOUS CONDITIONS

LABELED CELLS PER 1000 ALVEOLAR CELLS

EXPERIMENTAL RECOVERY TYPE 2 ALVEOLAR CELLS IN THE

GROUP DAY CELLS MACROPHAGES ALVEOLAR WALLS

I 1 1.5 ± 1.0 2.0 ± 1.4 9.5 3.7

20% 02 2 9.3 ± 5.7 2.3 ± 1.0 12.8 2.5

+ Food 3 .8 ± .5 1.3 ± .5 10.8 10.5

4 1.0 ± 1.0 .8 ± 1.1 9.5 2.6

II 1 .5 ± .5 6.3 ± 5.2 7.3 2.9

20% 02 2 6.0 ± 3.6 2.3 ± 1.9 12.0 6.3

-Food 3. .5 ± .5 .5 ± .5 6.8 3.9

4 .8 ± .5 .3 ± .5 8.0 ±3.6

II 1 1.8 ± 2.1 5.8 ± 3.8 6.5 ± 2.6

40% 02 2 6.8 ± 2.2 3.0 ± 1.0 8.3 ± 3.0

3 1.7 ± 2.0 2;0 ± 0 8.7 - 7.2

4 1.3 ± .5 1.5 ± 2.0 10.5 ± 2.1

IV 1 2.5 ± 2.3 9.8 ± 2.3 9.3 ± 4.4

61% 02 2 1.5 ± 1.2 3.0.± 2.7 13.6 1 5.2

3 3.0 ± 2.4 1.5 ± 1.2 20.1 - 9.1

4 1.5 ± 1.2 2.3 ± 2.6 11.5 6.6

V 1 2.0 ± 1.6 7.3 ± 7.8 7.8 ± 4.1

80% 02 2 .3 ± .4 1.5 ±.1.2 4.3± 3.9

3 1.8 ± 1.5 2.8 ± 2.2 4.8:*:3.1

, 4 3.0 ± 2.6 .5 ± 1.0 9.0 ± 5.0

* -43-
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I [Table 1 (Continued)

ILABELING INDEXES FROM MICE EXPOSED TO OZONE AND ALLOWED TO RECOVER
UNDER VARIOUS CONDITIONS

LABELED CELLS PER 1000 ALVEOLAR CELLS

EXPERIMENTAL RECOVERY TYPE 2 ALVEOLAR CELLS IN THE
GROUP DAY CELLS MACROPHAGES ALVEOLAR kALLS

VI 1 .8 ± .9 2.5 ± 1.9 6.5 ± 4.5

95% 02 2 .8± .9 1.0 ± .8 5.0 ± 1.4

3 0 0 5.5 ±3.3

4 .3 ± .4 .5 ± 1.0 1.5 ± .6

(0 DAY - PRE 03) 1.0 ± 2.0 1.5 ± 1.7 7.3 ± 3.8

(0 DAY - POST 03) 1.3 ± .5 1.5 * 2.4 9.3 ± 8.2

-

I °
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FIGURE 1
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